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Abstract
Background Tail fat is important for fat-tailed or fat-rumped sheep to survive in harsh environments. However, the 
molecular mechanism underlying tail fat deposition in sheep remains unclear. In this study, we comprehensively 
characterized the transcriptome, untargeted lipidome, and targeted metabolome profiles of the tail adipose tissues 
from Large-tailed Han sheep (long fat-tailed sheep) and Hu sheep (short fat-tailed sheep).

Results We identified 183 differentially expressed genes (DEGs), 55 differential lipids (DLs) and 17 differential 
metabolites (DMs) in the adipose tissues of the tails from Large-tailed Han and Hu sheep. Among the 183 DEGs 
selected (Q values ≤ 0.05 and│Log2(FC)│≥ 0.5), 18 DEGs, such as UCP3, ELOVL7 and GDF10, were directly associated 
with lipid metabolism identified via Gene Ontology (GO) analysis. Some genes, such as PPP3R1A, ADRA1, and 
DSLC46A2, were reportedly associated with lipid metabolism. A fold change ≥ 1.2 or ≤ 0.83 and a P-value < 0.05 were 
set as the default threshold to select the DLs and DMs. Among the 55 DLs, 36 DLs were phosphatidylcholines and 
9 DLs were phosphatidylethanolamines. The top six DLs with the greatest differences in content were LPE (20:4) 
(up), PC (42:10) (up), PC (42:8) (up), PC (16:1/16:1) (down), PC (29:0) (down), and PC (32:2) (down). DMs related to the 
tricarboxylic acid cycle, such as D-glucose, cis-aconitic acid and citric acid were abundant in the tail fat of Large-tailed 
Han sheep. The DEGs, DLs and DMs were enriched mainly in the ferroptosis, the extracellular matrix (ECM)-receptor 
interaction, cGMP-PKG, calcium signaling and pathways related to cardiomyopathy and the tricarboxylic acid cycle.

Conclusion This study obtained profiles of the transcriptome, lipidome and metabolome of the tail fat tissues 
of sheep with long and short fat tails. The findings suggested that ELOVL7, UCP3 and ferroptosis, ECM-receptor 
interaction pathways contributed to the difference in fat deposition, and phosphatidylcholines biosynthesis and 
tricarboxylic acid cycle may affect lipid metabolism in sheep tails. The results enhance our understanding of the 
differences in fat deposition in sheep tail.
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Introduction
Tail fat is essential for the survival of fat-tailed or fat-
rumped sheep in cold and drought environments [1, 2]; 
additionally, it can serve as a high-energy food source 
for humans during periods of drought and famine [3]. 
However, in recent years, sheep tail fat has no longer 
been favored by consumers because of changes in dietary 
habits. Additionally, in modern livestock production sys-
tems, the presence of a long fat tail in sheep presents sev-
eral disadvantages, such as being unfavorable for mating 
[4]. Consequently, intensive production and changes in 
commercial demand have led to a reduction in genetic 
diversity in local sheep varieties [5]. The population of 
long fat-tailed sheep has consequently diminished. The 
conservation of long fat-tailed sheep populations is cru-
cial for the future of sheep breeding, the protection of 
genetic diversity and the ability to respond to unpredict-
able climate change [6]. Understanding the mechanisms 
underlying tail fat deposition will be instrumental in con-
servation efforts for these sheep. Recently, some studies 
have focused on searching for major genes related to the 
tail types of sheep via genome-wide association stud-
ies, the detection of selective sweeps and transcriptome 
analysis. Some genes, such as PDGFD [7, 8], BMP2 [7, 
9], PPP2CA and some LncRNAs (e.g., MSTRG.24995 
and MSTRG.36913) [10, 11] are associated with the tail 
phenotype of sheep. Some biological processes, such as 
extracellular matrix (ECM) remodeling, lipid metabo-
lism and terminal adipogenic differentiation [8, 12], are 
involved in tail fat deposition in sheep.

The Large-tailed Han (LTH) sheep is a well-known 
long fat-tailed sheep breed in China. The fat tail of this 
sheep is long, large, and fan shaped and hangs down to 
the hocks. The tail fat weight of six-month-old male LTH 
sheep accounts for approximately 16% of the total body 
weight [13]. Hu sheep are short fat-tailed sheep (Fig.  1) 
and their tail fat weight accounts for 3% of their body 
weight [14]. The two sheep breeds with distinct tail phe-
notypes provide materials for elucidating the mecha-
nisms related to fat deposition in and the length of the 
tail. In addition, the large amount of fat deposited in 
tails of LTH sheep does not cause metabolic disorders. 
Currently, obesity and associated metabolic syndrome 
caused by increased fat deposition are challenging public 
issues and economic burdens [15]. The mechanism of fat 
distribution in the sheep tail may provide some uncon-
ventional ideas for preventing metabolic diseases related 
to obesity in humans. Here, we compared the transcripts, 
lipids and metabolites of tail adipose tissues from LTH 
and Hu sheep and aimed to identify new genes and sig-
naling pathways that contribute to the differences in tail 

fat distribution in sheep. The differences in lipid compo-
sition and metabolites may provide new ideas for the uti-
lization of sheep tail fat.

Materials and methods
Animals and adipose tissue collection
The animal experiment was carried out in Liaocheng 
city (36°N, 116°E), Shandong Province, China. Six clini-
cally normal one-year-old male LTH sheep (body weight 
(BW), 52.61 ± 2.08  kg) and six one-year-old Hu sheep 
(BW, 48.80 ± 3.27 kg) fed with the same total mixed ration 
diet were sacrificed in the summer (July 2023) after anes-
thesia by injecting pentobarbital sodium (30 mg/kg BW; 
Ningbo, China) through the ear vein. The adipose tissues 
from the tails of LTH and Hu sheep were collected and 
stored in liquid nitrogen until further processing. For 
convenience, throughout the remainder of the manu-
script, the adipose tissue from the tails of LTH and Hu 
sheep is referred to as LTF (Large-tailed Han sheep tail 
fat) and HTF (Hu sheep tail fat), respectively.

RNA-seq of tail adipose tissue
RNA extraction and sequencing
Total RNA from tail adipose tissues was extracted using 
a TRIzol-based method. The purity, concentration and 
integrity of extracted RNA from each sample were 
checked using an Agilent Fragment Analyzer (Agilent, 
Germany) and agarose gel electrophoresis. Because of 
poor quality, the total RNA extracted from the adipose 
tissue of two LTH sheep was not suitable for RNA-seq; 
therefore, RNA from four LTH sheep and four Hu sheep 
was subjected to RNA sequencing. RNA was denatured 
at a suitable temperature, and poly(A)-RNA was enriched 
using oligo (dT)-attached magnetic beads. After frag-
mentation, the poly(A)-RNA was used to synthesize dou-
ble-stranded cDNA (dscDNA). The synthesized dscDNA 
was subjected to an end repair reaction. Then, a single 
‘A’ nucleotide was added to the 3’ end of dscDNA frag-
ments through an A tailing reaction and followed by liga-
tion with adapters. dscDNAs ligated with adapters were 
amplified via PCR. Next, through dscDNA denaturation, 
single-stranded PCR products were produced and ligated 
to obtain single-stranded cyclized DNA products. Using 
the rolling cycle amplification method, a DNA nanoball 
containing multiple copies of single-stranded circular-
ized DNA was produced. Then, the DNA nanoballs were 
evaluated for quality and sequenced on the DNBSEQ 
platform (BGI, China).
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Differentially expressed genes (DEGs) identification
Raw RNA-seq reads were first filtered using SOAP-
nuke (v1.5.6) [16] to obtain clean reads, which were 
then mapped to the reference genome (Ovis aries, 
GCF_000298735.2_Oar_v4.0) using HISAT2 (v2.1.0) and 
to the gene set using Bowtie 2 (v2.3.4.3) [17, 18]. Gene 
expression quantification was performed using RSEM 
(v1.3.1) [19]. DESeq2 (v1.4.5) was used to conduct dif-
ferential expression analysis [20]. Heatmaps were drawn 
using pheatmap (v1.0.8) according to the differences in 
gene expression among different samples. On the basis 
of the normalized gene expression level, the fold change 
(FC) values were estimated, and the Q values were modi-
fied according to P values. The default thresholds to iden-
tify DEGs were Q value ≤ 0.05 and│Log2(FC)│≥ 0.5 [21].

Functional enrichment analyses of DEGs
Gene Ontology (GO) (http://www.geneontology.org/) 
and Kyoto Encyclopedia of Genes and Genomes (KEGG) 
(https://www.kegg.jp/kegg/) enrichment analyses were 
performed to annotate the functions of the DEGs via 
Phyper using a hypergeometric test. P value < 0.05 was 
set as the threshold to define the significant enrichment 
of GO or KEGG terms. A protein-protein interaction 
network was constructed using the STRING database 
schema v12.0 (organism, Ovis aries).

Validation of mRNA by RT‒qPCR
cDNA was generated from total RNA using a Primer-
Script™ RT Kit (Takara, China). Reverse transcription 
quantitative real-time PCR (RT‒qPCR) was performed 
on an Applied Biosystems (ABI) CFX96 Touch Real Time 
Detection System using SYBR Green qPCR Master Mix 
(Thermo Fisher, America) for six genes with designed 
primers (Table S1). ACTB was used as a reference gene, 
and the 2−ΔΔCt method was used to measure the relative 

expression levels. Statistical analysis was performed via t 
tests.

Untargeted lipidomics of tail adipose tissue
Metabolite extraction
A total of 25 mg of adipose tissue from each sample was 
homogenized in 800 µL of precipitant (prechilled metha-
nol/dichloromethane (1:3, v/v, 10 µL of internal stan-
dard added) for 5 min, ultrasonically treated for 10 min 
in an ice bath and then incubated overnight at -20 ℃. 
After centrifugation, 600 µL of the supernatant was 
extracted, freeze-dried, and then dissolved in 600 µL of 
a lipid reconstitution solution (isopropanol: acetonitrile: 
water = 2:1:1) for 10 min, followed by ultrasonication (ice 
bath) for 10 min and centrifugation at 25,000×g at 4 ℃ 
for 15 min. A total of 10 µL of the supernatant was mixed 
with a quality control sample for subsequent liquid chro-
matography‒tandem mass spectrometry (LC‒MS/MS) 
analysis.

LC‒MS method for lipid analysis
An ultra-performance liquid chromatography (UPLC) 
I-Class Plus (Waters, USA) tandem Q Exactive mass 
spectrometer (Thermo Fisher) was used to separate 
and detect lipids which was conducted by BGI Biotech, 
according to the protocol previously described by Chang 
[22]. The chromatographic conditions were as follow: 
CSH C18 column (1.7  μm, 2.1  mm ×100  mm, Waters); 
negative ion mode with mobile phase A: 60% acetonitrile-
water + 10 mmol/L ammonium formate and phase B: ace-
tonitrile/isopropanol (1/9, V/V) + 10 mmol/L ammonium 
formate; and 0.1% formic acid was added to phases A and 
B for negative ion mode to form phase A and B for posi-
tive ion mode. The gradient conditions were as follows: 
0–2  min, 40–43% B; 2–2.1  min, 43–50% B; 2.1–7  min, 
50–54% B; 7–7.1  min, 54–70% B; 7.1–13  min, 70–99% 

Fig. 1 Chinese indigenous sheep breeds with different tail types. A, Large-tailed Han sheep. B, Hu sheep. The photo of Hu sheep was from the website 
of the National germplasm center of domestic animal resources, China
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B; 13–13.1 min, 99–40% B; 13.1–15 min, 40% B. The col-
umn temperature was 55  °C, the flow rate was 0.4 mL/
min, and the injection volume was 5 µL.

The mass spectrometry conditions used were as fol-
lows: scan range, 70 ~ 1050  m/z; primary resolution, 
70,000; automatic gain control, 3e6; maximum ion injec-
tion time, 100 ms; secondary resolution, 17,500; auto-
matic gain control, 1e5; maximum ion injection time, 50 
ms; and stepped normalized collision energy, 15, 30 and 
45 eV. The electrospray ionisation (ESI) parameters were 
as follows: sheath gas flow rate, 40; Aux gas flow rate, 10; 
spray voltage (|KV|) in positive- and negative-ion mode, 
3.80 and 3.20, respectively; capillary temperature, 320 °C; 
and aux gas heater temperature, 350 °C.

Lipid identification, differential lipid (DL) selection and 
functional enrichment analysis
Lipidsearch v.4.1 (Thermo Fisher, USA) was used for peak 
extraction and identification from off-line mass spec-
trometry data. After filtering and filling, the data were 
normalized to obtain relative peak areas using probabi-
listic quotient normalization. The identified lipids were 
classified and subjected to functional annotation analysis 
via the KEGG Compound database and Human Metabo-
lome Database (HMDB, https://hmdb.ca/). Supervised 
partial least squares-discriminant analysis (PLS-DA) and 
orthogonal partial least squares-discriminant analysis 
(OPLS-DA) were used to detect significant differences 
in lipid abundance between LTF and HTF. The follow-
ing thresholds were used to identify DLs: variable impor-
tant for the project (VIP) value of OPLS-DA ≥ 1, FC ≥ 1.2 
or ≤ 0.83 and P value < 0.05. Annotated DLs were first 
mapped to the KEGG pathway database. Pathways with P 
value < 0.05 according to a minimum hypergeometric test 
were identified as significantly enriched pathways. The 
metabolites identified were also submitted to MetaboAn-
alyst platform for pathway enrichment analysis.

HM400-targeted metabolome profiles of tail adipose tissue
The LC–MS QTRAP 6500+ (SCIEX) platform (BGI) 
was used to analyze 12 adipose tissue samples. HM400 
mixed standard was serially diluted to prepare a stan-
dard curve. An appropriate amounts of sample and qual-
ity control sample were homogenized in 140 µL of 50% 
methanol water solution and centrifuged to obtain the 
supernatant. After the derivatization reaction, the mix-
tures were diluted with HM400 diluent and centrifuged 
at 12,000  rpm at 4  °C for 10  min. The supernatant was 
collected for LC–MS/MS analysis. The liquid chromato-
graphic parameters were as follows: column, BEH C18 
(1.7 μm, 2.1 mm×100 mm, Waters). The mass spectrom-
etry parameters used were as follows: ion source, ESI+/
ESI-. HMQuant software (BGI) was used for the auto-
matic identification and integration of each multiple 

reaction monitoring transition. The content of each sub-
stance in HM400 (µmol/g) = C*A/m; C is the concentra-
tion value obtained using the standard curve (µmol/L) 
and the integrated peak area of the target index in the 
sample; A is the dilution factor, 0.14-; and m is the mass 
of the weighed solid sample (mg).

The metabolites were submitted to the KEGG data-
base and HMDB for functional annotation. Addition-
ally, PLS-DA was performed. Combining ratio analysis 
and t tests, the metabolites with ratios ≥ 1.2 or ≤ 0.83 and 
P values < 0.05 were defined as DMs. Spearman correla-
tion analysis between DMs was performed using the R 
package corr. A P value < 0.05 was considered to indicate 
statistical significance. Pathway enrichment analysis of 
the DMs was conducted using the KEGG database and 
MetaboAnalyst.

Results
Transcriptome profiling of tail adipose tissue
Overview of transcriptome
A total of 178.15 and 180.61  million clean reads were 
obtained from LTF and HTF, respectively. Q30% ranged 
from 88.12 to 92.39%. A total of 86.16–87.89% of the 
clean reads were mapped successfully to the reference 
genome, and 67.31–79.67% of the clean reads presented 
unique hits, and 54.27–58.35% of the clean reads were 
mapped to the gene set using Bowtie 2 (Table S2).

Differential expression mRNAs in LTF and HTF
A total of 33,603 mRNAs and 17,178 genes were identi-
fied in LTF and HTF. A total of 16,483 and 16,720 genes 
were identified in LTF and HTF, respectively. In the com-
parison between LTF and HTF, the expression levels of 
73 genes were significantly upregulated (upregulated 
DEGs) and those of 110 genes were significantly down-
regulated (downregulated DEGs) in LTF according to 
the default threshold (Fig.  2A, Table S3). The number 
of DEGs is not as high as in other similar studies [8, 9], 
which may be related to the same feeding environment 
and feed. A heatmap and boxplot were generated to show 
the expression patterns of the DEGs (Fig.  2B, C). There 
were more genes with higher expression levels in HTF 
than in LTF. There were 18 DEGs with GO terms related 
to lipid metabolism, such as UCP3, PLCD3 and ELOVL7 
(Table S4). Some other DEGs, such as CD5L, GSTA1, 
PPP3R1A, MEOX2, ADRA1D and FLT1, reportedly par-
ticipate in lipid metabolism according to records in the 
UniProt database but were not annotated to GO terms 
related to lipid metabolism.

Functional annotation of DEGs
The significantly enriched GO terms for biological 
processes, cellular components and molecular func-
tions are presented in Fig. 2D and Table S5. Among the 

https://hmdb.ca/
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Fig. 2 Gene expression patterns of DEGs in the comparison between LTF and HTF. A, Volcanic map of DEGs. B, The boxplot of the expression of DEGs. C, 
The heat map of DEGs. D, The top 15 enriched Gene Ontology terms of molecular function (MF), cellular components (CC) and biological process (BP) 
with DEGs. E, The top 20 significantly enriched KEGG pathways with upregulated DEGs. F, The top 20 enriched KEGG pathways with downregulated DEGs. 
G, The protein-protein interaction network of proteins encoded by DEGs
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significantly enriched GO terms, “cell adhesion” was the 
biological process category with the largest number of 
DEGs, containing 9 DEGs. The term “ribosome” was the 
most enriched cellular components term, containing 8 
upregulated DEGs, and “calcium ion binding”, enriched 
with 15 DEGs, was the most enriched molecular func-
tion term. Ribosome is the most enriched cellular com-
ponents term, which may indicate that there is more 
active translation in LTF than in HTF. The upregulated 
DEGs were enriched mainly in the GO terms related 
to metal ion homeostasis and transmembrane trans-
port (e.g., FTL, FTH1 and SLC39A8), heme metabolic 
processes (e.g., HMOX1 and DTNBP1), the inflamma-
tory response (e.g., JAGN1, PTX3 and LGALS3), fatty 
acid elongation (ELOVL7), amino acid and oligopeptide 
transport (SLC38A3 and LOC101111847), G protein-
coupled receptor signaling (GMPS, VIPR1 and ITPKA), 
phagocytosis (e.g., TREM2, LGALS3 and HERPUD1) and 
ribosome (e.g., RPL38, RPS27 and RPL36). The down-
regulated DEGs were enriched mainly in the GO terms 
related to calcium ion transport (CAV3, PLN and HRC), 
the actin cytoskeleton (e.g., ACTC1, RND1 and CAV3), 
the negative regulation of JUN kinase activity (e.g., 
SFRP2 and DUSP10), the regulation of NIK/NF-kappaB 
signaling (e.g., NOL3 and BCL3), the positive regulation 
of Rho protein signal transduction (e.g., COL3A1 and 
ABRA), cell adhesion (e.g., CD93, CDH11 and CDH19), 
endocytosis (e.g., CAV3, DNM1 and ENPP2), the extra-
cellular matrix (e.g., COL3A1, OLFML2B and COL6A6), 
and the glutamatergic synapse (e.g., STXBP1, CLSTN3 
and CDH11).

KEGG enrichment analysis revealed the top twenty 
pathways enriched with upregulated and downregu-
lated DEGs in LTF and HTF (Fig.  2E, F and Table S6). 
As shown in Fig.  2E and F, the upregulated DEGs were 
significantly enriched in KEGG pathways such as ferrop-
tosis (e.g., FTL, LOC101105484 and SAT1) and mineral 
absorption (e.g., FTH1, HMOX1 and FTL). Among the 
downregulated DEGs, fifteen genes (e.g., PLN, ADRA1D 
and MYLK2) were enriched in KEGG pathways related to 
the circulatory system and cardiovascular disease. Eleven 
downregulated DEGs (e.g., HRC, MYH7 and GUCY1A3) 
were enriched in the calcium signaling pathway and 
cGMP-PKG signaling pathway. Several genes were 
enriched in ECM-receptor interactions (e.g., COL6A6, 
COL6A3 and FREM1). A protein‒protein interaction 
network was next generated using STRING. The network 
included 177 protein‒protein nodes (Fig.  2G), and the 
essential core nodes of the network were ATP2A1, TTN, 
ACTA1, MYH1, RPL38, RPS29, FTH1, ISG15, CAV3 and 
COL3A1.

The expression of six DEGs in the tail adipose tissues 
of LTH and Hu sheep was quantified via RT‒qPCR (Fig. 

S1). The RT‒qPCR results confirmed the accuracy of the 
RNA-seq data.

Lipidomic profile of tail adipose tissue
Overall lipid composition characteristics
Using UPLC-MS, 345 lipids in five classes, including fatty 
acids (FAs, 2), glycerolipids (GLs, 57), saccharolipids 
(SLs, 1), glycerophospholipids (GPs, 250), and sphingo-
lipids (SPs, 35), were identified in the 12 tail adipose tis-
sue samples from LTH and Hu sheep (Fig. 3A, Table S7). 
The identification of detailed lipid components of tail fat 
is useful for further studies on the utilization of tail fat in 
sheep. The 345 lipids were submitted to the KEGG and 
HMDB databases for annotation, but only 11 lipids were 
annotated successfully. The contents of different types of 
lipids in LTF and HTF were compared and were listed in 
Fig. 3B and C. The contents of glycerolipids and glycero-
phospholipids in LTF were greater than those in HTF. 
Specifically, the contents of diglyceride (DG), triglyceride 
(TG), phosphatidylcholine (PC), dimethylphosphatidyl-
ethanolamine (dMePE), lysophosphatidylethanolamine 
(LPE), phosphatidylglycerol (PG), lysophosphatidylino-
sitol (LPI), phosphatidic acid (PA), phosphatidylethanol-
amine (PE) and phosphatidylinositol (PI) were greater 
in LTF, and the contents of ceramides (Cer), lysophos-
phatidylcholine (LPC), monogalactosyldiacylglycerol 
(MGDG), phosphatidylethanol (PEt), phosphatidylserine 
(PS) and sphingomyelin (SM) were greater in HTF.

Differential lipids in tail adipose tissues of LTF and HTF and 
correlation analysis
The PLS-DA and OPLS-DA results for LTF and HTF are 
presented in Fig.  3D and E. Using the aforementioned 
thresholds for identifying significant differences in lipid 
abundance, we identified 55 DLs, including 27 increased 
and 28 decreased lipid metabolites (Fig. 3F, Table S8); a 
heatmap of DLs is presented in Fig. 3G.

The Spearman correlation coefficient between the first 
20 DLs with the smallest P value was calculated to analyze 
the correlation between each DL. As shown in Fig.  3H, 
there was a strong positive correlation between the levels 
of phosphatidylcholines, such as PC (18:0/22:4) and PC 
(40:4) (0.993), PC (18:0/18:1) and PC (36:1) (0.986). PCs 
were strongly correlated with other kinds of lipids, such 
as PC (31:0) and PI (16:0/18:1) (0.951), PC (31:0) and LPI 
(16:0) (0.909). Triglycerides, TG (15:1/16:0/18:1), were 
negatively correlated with most other lipids, except for a 
positive correlation with PC (29:0) (0.594). The correla-
tion network for the top 20 DLs with the smallest P value 
is presented in Fig.  3I, and the network had 19 nodes, 
without TG (15:1/16:0/18:1).
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Functional enrichment of differential lipids
The 55 DLs were submitted to the MetaboAnalyst online 
platform and KEGG database to perform lipidomic path-
way analysis. There were eight significantly enriched 
pathways (Table S9). In the MetaboAnalyst database, 
“oligodendrocyte specification and differentiation” and 
“immunoregulatory interactions between lymphoid and 
nonlymphoid cells” were the most significantly enriched 
pathways. Only one pathway, “ferroptosis”, was enriched 
significantly in the KEGG database. Notably, in the DEGs 
analysis, the ferroptosis pathway was also shown to be 
enriched (Table S5), which provided new ideas for the 
mechanisms of the dynamic changes of tail fat deposition 
in long fat-tailed sheep.

Targeted metabolomic analysis of tail adipose tissue
Using HM400-targeted quantification of 400 metabo-
lites, 203 metabolites were detected in the tail adipose 
tissue of LTH and Hu sheep; the classification of the 203 
metabolites is presented in Fig. 4A. PLS-DA was used to 
detect significant differences between LTF and HTF in 
the absolute quantitative results for metabolites (Fig. 4B). 
Seventeen DMs, including 8 increased and 9 decreased 
metabolites, were identified (Fig.  4C, Table S10). The 
DMs (Fig.  4D) with strong positive correlations were 
acetylglycine and 7-dehydrocholic acid (0.839), acetyl-
glycine and N-acetyl-L-aspartic acid (0.953), adenosine 
monophosphate (AMP) and cis-aconitic acid (0.975), 
AMP and citric acid (0.972), cis-aconitic acid and citric 
acid (0.999), isovalerylglycine and L-lactic acid (0.918), 

Fig. 3 Difference in lipid composition of tail adipose tissue between LTH and Hu sheep. A, Pie charts of lipids detected in LTF and HTF. B and C, The con-
tents of different types of lipids. D, The supervised partial least squares-discriminant analysis (PLS-DA). E, The orthogonal partial least squares-discriminant 
analysis (OPLS-DA). F, The bubble diagram of DLs. G, The heatmap of DLs. H, The correlation between the top 20 DLs with the smallest P-value. I, The 
correlation network of the top 20 DLs with the smallest P value
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Fig. 4 Metabolism profile of LTF and HTF. A, the Pie charts of 203 metabolites detected in LTF and HTF. B, PLS-DA. C, Volcanic map of DMs. D, The correla-
tion between DMs. E and F, Signaling pathways of DMs enriched in KEGG database and MetaboAnalyst database, respectively
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isovalerylglycine and nonanoic acid (0.810), and hydroxy-
propionic acid and malonic acid (0.912). The correlations 
between 11Z-eicosenoic acid and 10Z-heptadecenoic 
acid (-0.647), and between 11Z-eicosenoic acid and iso-
valerylglycine (-0.563) were moderately negative.

DMs enrichment was analyzed using the KEGG data-
base, and 45 pathways were significantly enriched (Table 
S11), and the top 20 pathways are presented in Fig.  4E. 
The most significantly enriched pathways were the “glu-
cagon signaling pathway (citric acid, D-glucose and 
L-lactic acid)”, “taste transduction (AMP, citric acid and 
D-glucose)” and “central carbon metabolism in can-
cer (citric acid, D-glucose and L-lactic acid)”. The terms 
“cGMP-PKG signaling pathway” and “mineral absorp-
tion” were also enriched in the DEG analysis. Addition-
ally, the DMs were submitted to the MetaboAnalyst 
online platform; the top 25 enriched pathways are pre-
sented in Fig. 4F.

Discussion
As an important organ for energy reservoirs in fat-tailed 
sheep, adipose tissue plays a critical role in surviving and 
thriving in extreme environments. To understand the 
mechanisms associated with long fat-tail development 
and identify useful lipids for the utilization of germplasm 
resources, we compared the transcriptome, lipidome and 
metabolome of adipose tissues in the tails of LTH and Hu 
sheep.

In this study, several genes and signaling pathways were 
found to be associated with fat deposition. Elongation of 
very long-chain fatty acid (ELOVL) proteins play criti-
cal roles in the regulation of the elongation of long-chain 
fatty acids. ELOVL7 specifically elongates very long-
chain CoA lipids (C17-C25 acyl-CoAs) [23]. Parisi et al. 
reported that the overexpression of ELOVL7 causes the 
accumulation of very-long-chain fatty acids (VLCFAs) 
and increased permeability of the plasma membrane 
and that suppression of ELOVL7 activity depletes the 
levels of VLCFAs that specifically accumulate dur-
ing necroptosis and prevents membrane permeabiliza-
tion and increases cell viability during necroptosis [24]. 
In LTF, ELOVL7 was an upregulated DEG, and another 
DEG, SLC27A6, encoding long-chain fatty acid transport 
protein 6, an important transport protein for the syn-
thesis of long-chain fatty acids, was also upregulated in 
LTF. ELOVL7 increases the levels of phospholipids such 
as phosphatidylcholines [24]. Among the 55 DLs (Table 
S8), 36 DLs were phosphatidylcholines, with 17 increased 
and 19 decreased. Another DEG, DEGS1, also known as 
FADS7, encodes delta 4-desaturase, sphingolipid 1, which 
belongs to the fatty acid desaturase family and acts as a 
rate-limiting enzyme responsible for the desaturation 
of long-chain polyunsaturated fatty acids (PUFAs) dur-
ing PUFA synthesis [25]. In LTF, the expression of both 

ELOVL7 and DEGS1 was upregulated, and the expression 
of several genes (e.g., FTL and FTH1) related to necrop-
tosis and ferroptosis was also upregulated. The correla-
tion or crosstalk among the elongation of VLCFAs, the 
desaturation of long-chain PUFAs, necroptosis and fer-
roptosis pathway in adipose tissues of sheep tail is not yet 
clear. The fatty acid composition and the amount of satu-
rated/unsaturated fatty acids in phospholipids can affect 
cell membrane fluidity, which can be influenced by tem-
perature [26]. In C2C12 cells, the synthesis of very long-
chain saturated fatty acids and the expression of ELOVL7 
are promoted by mild and severe heat stress [26]. In 
LTF, among the 36 differential PCs, the 17 increased 
PCs were monounsaturated or polyunsaturated VLCFAs 
or branched long-chain fatty acids and among the 19 
decreased PCs, 7 PCs were very long-chain saturated 
fatty acids (C29-C33). In LTF, even though the expression 
of ELOVL7 was greater than that in HTF, the content of 
very-long-chain saturated fatty acids was lower, and the 
content of very-long-chain unsaturated fatty acids was 
greater than those in HTF, effects that may be related to 
the desaturation of long-chain PUFAs by the DEGS1 pro-
tein. These results may suggest that the cell membrane 
fluidity of HTF is easily affected by higher temperatures 
and that LTF has a more stable cell membrane; how-
ever, these findings requires experimental verification. 
ELOVL7 and DEGS1 are vital candidate genes for under-
standing the mechanism of tail fat deposition in sheep 
and would be investigated in the further studies.

The ferroptosis pathway, which is related to lipid 
metabolism, was enriched in the DEGs and DLs. Ferrop-
tosis is driven by iron-dependent phospholipid (PL) per-
oxidation [27]. The unique signature of ferroptosis is the 
formation and accumulation of lipid hydroperoxides, par-
ticularly oxidized forms of polyunsaturated PEs, which 
act as death signals and drive cell death [28]. In LTF, 
the contents of six PEs (PE (18:0p/22:5), PE (18:0/22:4), 
PE (18:0p/22:4), PE (18:0p/22:4), LPE (20:4) and PE 
(40:4)) were greater than those in HTF, and in HTF, the 
contents of four PEs (PE (16:1/18:1), PE (17:1/18:1), PE 
(18:1p/17:1)(rep), and PE (34:2)) were lower than those 
in LTF. Among them, PE (18:0/22:4) was found to be a 
biomarker of ferroptosis [29, 30]. In animal cells, lactic 
acid can be oxidized by lactate oxidase to generate hydro-
gen peroxide, which participates in the Fenton reaction, 
and the latter enhances reactive oxygen species genera-
tion and ferroptosis [31]. The content of L-lactic acid was 
lower in LTF than in HTF. High glucose facilitates gly-
colysis and pyruvate oxidation, and stimulates citrate-
mediated fatty acid synthesis, which ultimately promotes 
lipid peroxidation-dependent ferroptosis in multiple cell 
types [32–34]. The contents of glucose and citric acid 
were greater in LTF than in HTF (Table S10). The higher 
expression of genes related to ferroptosis (e.g., FTL, 
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SLC39A8 and SAT1, Table S6), higher content of glucose 
and citric acid, and lower content of lactate in LTF may 
suggest that the ferroptosis pathway was more active in 
LTF than in HTF.

Xu et al. reported that the tail adipose tissue of fat-
tailed sheep has more stable ECM regulation than that 
of thin-tailed sheep [8]. In this study, the ECM-receptor 
interaction pathway was significantly enriched (Table S6). 
ECM-receptor interactions constitute one of the classical 
pathways of fat metabolism and strongly affect the func-
tions of adipocytes [12]. ECM remodeling contributes to 
changes in adipocyte size and number [8, 35]. The ECM 
receptor interaction pathway was also shown to been 
enriched in other studies on the gene expression profil-
ing of tail adipose tissue of sheep [36, 37]. The expres-
sion of DEGs related to ECM receptor interaction and 
focal adhesion, which are related to adipocyte size and 
morphology [38], such as COL6A6, COL6A3, FREM1, 
CAV3 and MYLK2, was lower in LTF than in HTF. Long 
fat-tailed sheep may have less demand to regulate the size 
and shape of adipocytes and the extracellular environ-
ment in summer because of their well-maintained adi-
pose tissue homeostasis [8].

The uncoupling protein 3 (UCP3) gene, a deregu-
lated DEG (log2(FC)= -21.46) in LTF, encodes the puta-
tive mitochondrial transporter UCP3, a member of the 
mitochondrial carrier protein superfamily SLC25, and is 
expressed mainly in brown adipose tissue, muscles, and 
the heart [39]. UCP3 induces fatty acid oxidation, pro-
motes glucose uptake/utilization and decreases triglycer-
ide and diglyceride storage in sarcoplasm/mitochondria 
[40]. However, the content of D-glucose in LTF was sig-
nificantly greater than that in HTF, and the contents of 
TG (15:1/16:0/18:1) and DG (17:1/18:1) in LTF were 
lower than those in HTF, and the contents of 22 DGs and 
34 other TGs were not significantly different between LTF 
and HTF. These findings may indicate different interac-
tions among UCP3, glucose and TG (15:1/16:0/18:1)/DG 
(17:1/18:1) in the tail adipose tissue of sheep. UCP3 also 
regulates the beta-adrenergic receptor signaling pathway 
to modulate pig adipocyte browning [41]. In this study, 
adrenergic signaling in cardiomyocytes was significantly 
enriched (Table S6). Wang et al. reported that folic acid 
supplementation downregulated the expression of UCP3 
in muscle [42], and in this study, the expression of one 
DEG, FOLR3, which encodes folate receptor gamma, was 
upregulated in LTF. However, whether there is a func-
tional relationship between FOLR3 and UCP3 in the tail 
adipose tissue in sheep remains unclear. The expression 
of UCP3 was significantly lower in LTF than in HTF, and 
the expression level of the other two UCP genes, UCP1 
and UCP2 were not significantly different between LTF 
and HTF. The function of UCP3 in the tail adipose tissue 
in sheep should be addressed in future studies. UCP3 is a 

molecular determinant of the effects of thyroid hormones 
on energy metabolism and heat production [39]. Thyroid 
hormones (THs), crucial hormones in lipid metabolism, 
regulate the expression of genes that play crucial roles 
in lipid metabolism, thermogenesis and nutrient avail-
ability [43]. Thyroid hormones regulate mitochondrial 
biogenesis and mTOR-mediated mitophagy to acti-
vate brown adipose tissue and induce the expression of 
uncoupling proteins to induce uncoupled respiration 
and heat production [44]. The lower expression levels 
of DEGs related to the thyroid hormone signaling path-
way (PLN, ATP2A1, PLCD3, ATP1A2 and MYH7) in LTF 
may suggest that lipolysis is not as active in LTF as it is in 
HTF. In addition, the thyroid hormone signaling pathway 
regulates adipocyte differentiation and adipogenesis [43, 
45]. The expression patterns of DEGs related to the thy-
roid hormone signaling pathway in LTF also support less 
demand for reshaping adipocytes in LTH sheep, a finding 
that is consistent with the expression patterns of DEGs 
related to focal adhesion and ECM-receptor interactions. 
Leukemia inhibitory factor may be a marker of the dif-
ferentiation of mesenchymal cells into adipocytes [46]. 
The downregulated expression of the leukemia inhibitory 
factor (LIF) gene in LTF is also evidence supporting the 
above viewpoint.

PPP1R3A encodes the glycogen-targeting subunit (GM/
RGL) of protein phosphatase 1. Homozygous GM

−/− mice 
show impaired glucose tolerance and massive abdominal 
and heart fat deposition because of impaired blood glu-
cose utilization in skeletal muscle [47]. Sánchez-Pozos 
et al. reported that a SNP (rs1799999) in PPP1R3A is 
associated with type 2 diabetes and that individuals with 
AC/AA genotypes present higher triglyceride and low-
density lipoprotein levels, and lower concentrations of 
high-density lipoprotein [48]. PPP1R3A-modulated lipid 
metabolism may be associated with glycogen utilization, 
and the lower expression of PPP1R3A tends to be associ-
ated with a decrease in glycogen storage in tissues. In this 
study, the expression of PPP1R3A was significantly lower 
in LTF (log2(FC)= -23.057) than in HTF, and the contents 
of D-glucose, citric acid and cis-aconitic acid related to 
the tricarboxylic acid cycle were greater in LTF than in 
HTF. Whether lower expression of PPP1R3A promotes 
more glycogen utilization through the tricarboxylic acid 
cycle in the tail fat of sheep needs to be investigated fur-
ther. Growth differentiation factor 10 (GDF10), which 
belongs to the transforming growth factor beta super-
family, is a novel regulator of adipogenesis. Yousof et al. 
reported a negative correlation between plasma GDF10 
levels and body mass index, low-density lipoprotein-
cholesterol, and total cholesterol levels in children aged 
5–17 years [49]. However, Song et al. reported a positive 
correlation between the serum GDF10 concentration and 
body mass index in adult men [50]. The expression of 
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human GDF10 is significantly lower in visceral fat than 
in subcutaneous fat [50]. In LTH sheep, the mRNA abun-
dance of GDF10 was not significantly different between 
perirenal fat and subcutaneous fat, and the mRNA abun-
dance in tail fat was significantly lower than that in peri-
renal fat (unpublished data). In mice, GDF10 can block 
de novo lipogenesis to protect against endoplasmic retic-
ulum stress by attenuating nuclear peroxisome prolifer-
ator-activated receptor gamma (PPARgamma, encoded 
by the PPARG gene) [51], and in LTH sheep, the mRNA 
abundance of PPARG did not significantly differ among 
tail fat, perirenal fat and subcutaneous fat (unpublished 
data).

The cGMP-PKG signaling pathway, one pathway sig-
nificantly enriched with DEGs, mediates the regulation of 
the contraction and relaxation of vascular smooth muscle 
cells [52]. The vascular smooth muscle cells in the tail fat 
of sheep with different tail types may display different 
contraction and relaxation patterns, leading to different 
blood volumes, and subsequently to differences in the 
delivery of glucose, triglyceride and fatty acid to adipo-
cytes and differences in adipogenesis and lipolysis in the 
tail fat. Additionally, the regulatory role of some signals, 
such as cardiac β3-adrenoceptors [53], nitric oxide [54], 
and natriuretic peptide [55, 56], in adipocyte differen-
tiation and lipid metabolism occurs through the cGMP-
PKG pathway. The storage and release of calcium are 
also regulated by the cGMP-PKG pathway in adipocytes. 
Increased intracellular Ca2+ stimulates the expression of 
lipogenic genes, such as FAS, to control de novo lipogene-
sis and promote triglyceride accumulation and lipid stor-
age [57, 58]. Ca2+ also seems to regulate the thermogenic 
action of brown adipocytes [58]. The resting cytosolic 
calcium content is maintained by Sarco/endoplasmic 
reticulum calcium ATPase (SERCA) [58]. In brown adi-
pocytes, the full potentiation of sarcoplasmic reticulum 
(SR)-calcium release requires alpha-adrenergic receptors 
and the phospholipase C-dependent opening of inositol 
triphosphate receptors on the SR membrane [59]. In this 
study, the calcium signaling pathway, which included 7 
downregulated DEGs and 1 upregulated DEG, was a sig-
nificantly enriched signaling pathway. Some DEGs have 
been reported to be associated with adipocytes and lipid 
metabolism. ATP2A1 encodes SERCA1, which maintains 
the resting cytosolic calcium content of cells in adipose 
tissue [58] and is also a critical modulator of the obesity 
phenotype in humans [60]. The PLN encodes phosphol-
amban, the first identified member of the regulin family, 
which is a family of small transmembrane proteins that 
modulate SERCA activity [61]. ADRA1D encodes adre-
noceptor alpha 1D, an alpha-1-adrenergic receptor, and 
PLCD3 encodes phospholipase C delta 3. Adrenoceptor 
alpha 1D and phospholipase C delta 3 are necessary for 
SR-calcium release in brown adipocytes [59].

Obesity and multiple obesity-associated diseases, 
including type 2 diabetes and cardiovascular disease, are 
increasing worldwide [62]. Excess central fat accumu-
lation causes metabolic disturbance and increases the 
risk of diabetes mellitus and cardiovascular diseases [63, 
64]. Obesity in mice causes defects in myocardial glu-
cose metabolism, which leads to ventricular hypertro-
phy and cardiac dysfunction [65]. Fat deposited around 
the waist of males increases the risk of metabolic disor-
ders, whereas fat deposited around the hips of females 
does not increase the risk of metabolic disorders, and 
may have some benefits [63, 64]. Therefore, it is impor-
tant to determine which parts of fat deposits are the key 
factors of metabolic diseases. Fat deposited in the tail 
reduces fat distribution in other body parts of LTH sheep 
and can protect the heart and other organs. The expres-
sion levels of genes related to cardiomyopathy, platelet 
activation and vascular smooth muscle contraction, such 
as PLN, LMNA and CACNG1, were lower in LTF than 
in HTF. The expression of Cis-4-hydroxy-D-proline, a 
potential biomarker for the early diagnosis of acute myo-
cardial infarction [66], was downregulated in LTH sheep. 
The acetylglycine content in serum is significantly nega-
tively associated with the android fat/whole-body fat 
mass ratio, the android fat/gynoid fat mass ratio, and the 
whole-body fat percentage in humans [67–70]. In mice 
with high-fat diet-induced obesity, acetylglycine treat-
ments reduce the weight of abdominal fat, subcutaneous 
fat, and visceral fat, and the fat/weight ratio [70]. There-
fore, acetylglycine may affect fat distribution in body 
parts. Acetylglycine also modulates the expression of 
genes related to obesity-associated pathways in multiple 
types of adipose tissue [71]. Whether acetylglycine affects 
fat deposition patterns in sheep with different tail types 
needs to be investigated. The large amount of fat depos-
ited in the tails of LTH sheep may provide a useful model 
for research on the mechanisms of obesity, cardiovascu-
lar disease and fat deposition patterns.

Conclusion
Transcriptome, lipid and metabolite profiles of tail adi-
pose tissue from long and short fat-tailed sheep popula-
tions in summer were generated. We found that UCP3, 
ELOVL7, PPP1R3A, and GDF10 and several signaling 
pathways, e.g., ECM-receptor interactions, ferroptosis, 
the thyroid hormone signaling pathway and the calcium 
signaling pathway and tricarboxylic acid cycle contrib-
uted to the differences in lipid metabolism and the tail 
phenotype of sheep. The interaction relationship of 
ELOVL7, phosphatidylcholines biosynthesis, and ferrop-
tosis signaling pathway was suggested for further study. 
The findings provided new insights into the mechanism 
of tail fat deposition of sheep with different phenotype.
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